This paper presents the results of a measured data-based mass flow and balance study in UluPandan Water Reclamation Plant (WRP), the second largest municipal wastewater treatment plant in Singapore. The results are benchmarked against the Strass wastewater treatment plant in Austria, which has achieved energy self-efficiency. The gaps between the two plants have been identified and areas for process improvement in UluPandan WRP, especially those related to energy efficiency, have been proposed. This case study demonstrates that mass flow and balance is an effective tool in improving process performance and the energy efficiency of a municipal wastewater treatment plant.
INTRODUCTION
The study of mass flow and balance in municipal wastewater treatment plants is essential to obtain a deeper understanding of process performance and energy efficiency, including energy consumption and generation. The results of such studies can be adopted for benchmarking (Jonasson ) , process optimisation (Wett & Alex ; Wett et al. ) and reduction of the carbon footprint and greenhouse gas emissions of wastewater treatment (WERF ; STOWA ). A number of studies have been reported, but they are often limited to solids or the reject stream (Narayanan ; Stinson ; Wilson ) and single components such as phosphorus (Nyberg et al. ; Heinzmann & Engel ) .
Likely due to a lack of sufficient quantitative data, only a few studies have taken an integrated and holistic approach or have covered carbonaceous matter (chemical oxygen demand; COD), solids, nitrogen and phosphorus. This paper presents the results of a measured data-based study of these components in UluPandan Water Reclamation Plant (UPWRP), the second largest municipal wastewater treatment plant in Singapore (Cao ) . 
METHODS AND APPROACHES
The major data used in the study were collected from the UPWRP sampling and analysis programme covering: In UPWRP, there are regular monthly reports prepared on the influent and effluent quality, hydraulic flow, gas production and composition, sludge flow and quality as well as energy consumption. Information from the January to June 2010 monthly reports was adopted in the study. Additional sampling and testing, mainly on the solid content, were performed to verify the data. Reliable key parameters and data were adopted to establish a calculated set of mass balance data, which was then compared against the actual measured values to assess the reliability of the measured data. For example, the sludge retention time (SRT) values of the activated sludge process were used to evaluate the flow and solids concentration of waste activated sludge (WAS); the data on VSS destruction in anaerobic digesters, biogas production and composition were used to evaluate the concentrations of solids entering and exiting the digesters; dewatered sludge cake solid composition was used to check the TSS after digesters and flow of the returned centrate from dewatering centrifuges. The verification indicated that most of the monitoring data were reliable. were lower than the calculated values derived from solids balance after the preliminary treatment and before primary settling. After analysing the centrifuge operations, centrate sampling and data from the literature, it was decided that the calculated values should be adopted in the mass balance analysis.
Simplification in mass balance
Carbonaceous mass flow and distribution According to the daily COD mass loading rate to the digesters, a stoichiometric coefficient of 1.25 kg COD/kg TSS and VSS/TSS ratio of 79% of the feed sludge, it was calculated that 28,083 kg VSS/d was destroyed, which is equivalent to 39,900 kg COD/d according to 1.42 kg COD/ kg VSS. This illustrates that 17.9% of the influent COD was converted in the digesters. Most of the COD was converted into CH 4 gas, with some remaining as dissolved organics in the liquid phase. The ratio of gas production and VSS destruction was 0.80 m 3 gas/kg VSS destroyed, which is within the normal range of 0.8 to 1.0 m 3 gas/kg (Metcalf & Eddy ), although at the lower limit.
Nitrogenous mass flow and distribution Figure 3 shows that 11.2% of the influent nitrogen was removed by the PSTs. The 'true' PST removal efficiency of the South and North streams was 14.5% after reducing the LTM streamflow from the PST influent; 11.4% of influent nitrogen was captured in the wasted sludge and 22.6% of influent nitrogen was fed to the anaerobic digesters, which was much less than the COD portion (44.7%).
Nitrogen dissimilated into nitrogen gas during denitrification in the activated sludge process was 48.0%, the largest percentage among other components. Nitrogen release due to cell (VSS) destruction in anaerobic digesters sumption, which is similar to other wastewater treatment plants. The energy consumption for odour removal and inlet pumping accounted for 27.6%, which is notably higher than in similar wastewater plants elsewhere in the world due to the considerations of protecting the surrounding area and the high inlet pumping locations of the plant.
DISCUSSION
Benchmark with Strass WWTP Table 1 shows the key performance indicators calculated from the results of the mass flow and balance study on UPWRP. Table 2 The results of the study were used to benchmark against Strass WWTP, Austria. Gaps have been identified in five aspects: (i) the COD retention of the PSTs; (ii) the COD fed to the anaerobic digesters; (iii) the COD generated as CH 4 -COD in the anaerobic digesters; (iv) the COD dissimilated in the activated sludge process; and (v) the COD in the sludge cake. The factors causing these differences were analysed.
Three main areas to improve process performance and energy efficiency were identified: (i) pre-concentration of the influent COD by the PSTs to supply more COD to the anaerobic digesters for biogas and electricity production;
(ii) reduction of aeration energy consumption by using online sensor automatic control of aeration and aerobic SRT;
and ( 
